Abstract: Metallic foams are commonly produced using titanium hydride as a foaming agent. Carbonates produce aluminum foam with a fine and homogenous cell structure. However, foams produced using carbonates show marked shrinkage, which is clearly different from those produced using titanium hydride. It is essential for practical applications to clarify foam shrinkage and establish a method of preventing it. In this research, cell structures were observed to study the shrinkage of aluminum foam produced using carbonates. The cells of foam produced using dolomite as a foaming agent connected to each other with maximum expansion. It was estimated that foaming gas was released through connected cells to the outside. It was assumed that cell formation at different sites is effective in preventing shrinkage induced by cell connection. The multiple additions of dolomite and magnesium carbonate, which have different decomposition temperatures, were applied. The foam in the case with multiple additions maintained a density of 0.66 up to 973 K, at which the foam produced using dolomite shrank. It was verified that the multiple additions of carbonates are effective in preventing shrinkage.
Introduction
Metallic foams have unique properties, such as low density, good energy-absorbing capability, and low thermal conductivity. One of the manufacturing methods for metallic foams is the Fraunhofer method. This method uses a typical powder metallurgy (PM) route [1] that entails the hot extrusion of an aluminum matrix powder and a TiH 2 to make precursor, the resulting product of which is then heated in a closed die to produce foam for near-net shaping. TiH 2 is a popular foaming agent because of its decomposition temperature, which is close to the melting temperature of aluminum alloys. However, TiH 2 is expensive.
One of the authors presented carbonates as alternatives to TiH 2 [2] , because they are inexpensive. Calcium carbonate gives a finer cell structure than TiH 2 in the melt route. It also induces CO 2 gas, which oxidizes and stabilizes the aluminum cell surface. Thus, aluminum foam produced using carbonates has a finer cell structure than that produced using TiH 2 . The effect of oxide layer on foam stabilization has been reported from other researchers [3] [4] [5] . On the other hand, foam by TiH 2 are stabilized by solid particles, like SiO 2 [6] .
In the PM route, some carbonates are used as foaming agents, and their resulting foams show fine cell structure and better mechanical properties [7, 8] . Still, foaming by carbonates in the PM route remains to be elucidated.
We have studied the principle of foaming by carbonates, and found that dolomite and magnesium carbonate are suitable foaming agents for AlSiCu alloy. The foams produced using dolomite and magnesium carbonate have a fine and homogenous cell structure [9] [10] [11] . The foam produced using TiH 2 shows the coalescence of cells, before rupture by gravity [12, 13] . On the other hand, the foam produced using carbonates shows marked shrinkage, which is clearly different from that of TiH 2 . The transmission images of 1.2 mass% dolomite foam, which were obtained at specific temperatures using transmission X-ray system, are shown in Figure 1 [11] . The foam markedly shrank at 1003 K after maximum expansion at 973 K. Such marked shrinkage adversely affects the near-net shaping in the PM route. Accordingly, it is essential for practical applications to clarify foam shrinkage and establish a method of preventing it.
In the present study, the cell structures during foam shrinkage and a method of preventing such shrinkage were investigated.
Results and Discussion

Observations of Shrinkage
The cell structures of the foam produced using dolomite were observed to clarify foam shrinkage induced by carbonate-foaming agents. The cooling temperatures and densities of the foams produced using 2.0 mass% dolomite are shown in Figure 2 It is assumed that the shrinkage by the carbonate-foaming agent is induced by gas release through connected cells because of the change in cell structure from foaming to shrinkage. As shown in Figure 4 (b), when most of the cells are connected to each other, gas can be released rapidly to the outside, namely, it can induce marked shrinkage.
Method of Preventing Shrinkage
A method of preventing shrinkage was studied on the basis of the hypothesis, that the stability of the oxidized cell wall is the reason for both the fine cell structure and the cell connection. It is difficult to prevent cell connection. It was assumed that cell formation at different sites is effective in preventing shrinkage, even if cell connections are formed.
Gas could be generated at new sites by adding another foaming agent that has a different decomposition temperature. The mass reduction rates of dolomite, magnesium carbonate, and calcium carbonate obtained by thermogravimetric analysis-differential thermal analysis (TG-DTA) are shown in Figure 5 [9] . Dolomite started to decompose at 773 K and rapidly decomposed above 1013 K. In contrast, magnesium carbonate decomposed from 793 to 993 K and calcium carbonate from 993 to 1113 K. Calcium carbonate is ineffective for multiple additions, because it does not decompose at 968 K, at which foam produced using dolomite shrinks. In the case of multiple additions of dolomite and magnesium carbonate, the latter decomposes first, followed by the former. This creates new cell sites, which are expected to prevent shrinkage. 
Foaming by Multiple Additions
Precursors with multiple additions of 2.0 mass% dolomite and 1.0 mass% magnesium carbonate were prepared. The cooling temperatures and densities of the foams produced with multiple additions are shown in Figure 2(b) . The foam expanded to a density of 0.87 at 903 K, then showed maximum expansion at a density of 0.58 at 933 K. The foaming temperature for multiple additions was lower than that for dolomite, because magnesium carbonate has a lower decomposition temperature than dolomite. A density of 0.66 was maintained at 973 K, at which the foam produced using dolomite shrank markedly. It was verified that multiple additions are effective in preventing foam shrinkage.
The foams produced using multiple additions and their cross-sectional views are shown in Figure 6 . At 903 K, they maintained a fine cell structure. At 933 K, cracks along with extrusion direction were observed. At 973 K, the foam showed the same shape and cell structure as that at 933 K. Multiple additions are effective for preventing shrinkage, but have problem to keep homogenous cell structure.
The cell structures of the foams were observed by optical microscopy, the results of which are shown in Figure 7 . Most of the cells were below 200 μm in size, because the increased amount of foaming agents inhibits cell coarsening by water absorption. At 933 and 973 K, two cells connected to each other showed similar structures. It is presumed that dolomite created new cells while the cells produced by magnesium carbonate connected.
Cell size distributions of foams were evaluated by image processing software, which is shown in Figure 8 . In this analysis, area ratios of each cell size are shown for each foam. Foam by dolomite has bimodal cell size distribution, which peaks are 100 μm and 600 μm. Foam by multiple additions has also bimodal cell size distribution but those peaks become closer in 200 μm and 450 μm. Foam by multiple additions is finer and more homogenous cell structure than that by dolomite at this density. 
Experimental
Precursor
Air-atomized AlSiCu powder containing mass fractions of Si (10.8%) and Cu (2.4%) was used to prepare the precursor. The powder was sieved through a 150 μm mesh before use. The dolomite [CaMg(CO 3 ) 2 ] used was obtained from Murakashi Lime Industry Co., Ltd. and had an average particle size of 3.5 μm. The magnesium carbonate (MgCO 3 ) used had an average particle size of 9 μm.
AlSiCu powder was mixed with the carbonates of the following amounts: (a) 2.0 mass% dolomite, (b) 2.0 mass% dolomite and 1.0 mass% magnesium carbonate. The powder mixtures were compacted at ambient temperature using a uniaxial press at 350 MPa to obtain a relative density of more than 90%. The precursors were extruded at 623 K using the green compact. The extrusion ratio was 29, and the cross section of each precursor was 5.8 mm high and 38 mm wide. The cross-sectional views of precursors are shown in Figure 9 . No agglomeration was observed in both precursors. Larger particle in Figure 9 (b) is MgCO 3 . 
Foaming Experiment
The precursors were cut to a length of 30 mm and a width of 10 mm measured with a type K thermocouple, which is a diameter of 1.6 mm. They were then heated to specific temperatures in a furnace kept at 1098 K. The formed aluminum foams were cooled in air.
The density of each foam was measured using the Archimedes principle, and the cell structure of each foam was observed by optical microscopy.
Conclusions
In this study, the shrinkage of foams by carbonate and a method of preventing it were discussed. From the observations of cell structures, it was assumed that cell formation at different sites is effective in preventing shrinkage induced by cell connections.
It was verified that multiple additions of 2.0 mass% dolomite and 1.0 mass% magnesium carbonate are effective in preventing shrinkage. Foam by multiple additions has finer cell structure at a density of 0.87 than that by single dolomite, but has problems maintaining the homogenous cell structure at a lower density.
